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Abstract
Advanced hepatocellular carcinoma (HCC) results in generally poor clinical outcomes 
and necessitates better therapeutic strategies. Ivermectin, which is an existing anti-
parasitic drug, has been recently identified as a novel anti-cancer drug. In line with 
previous efforts, this work demonstrates the translational potential of ivermectin 
to treat advanced HCC. We demonstrated that ivermectin at clinically relevant con-
centrations was active against growth and survival in multiple HCC cell lines. We 
showed that ivermectin had the potential to inhibit metastasis and target HCC stem 
cell functions. Mechanism studies correlated well with cellular phenotypes observed 
in ivermectin-treated cells, and demonstrated inhibition of mTOR/STAT3 pathway, 
suppression of epithelial mesenchymal transition (EMT) and reduced expression of 
stem cell markers. We further demonstrated that ivermectin inhibited tumor forma-
tion and growth in HCC xenograft mouse model, without causing significant toxicity 
in the mice. Using combination index (CI), we showed that ivermectin and sorafenib 
were synergistic in HCC in vitro, and this was further confirmed in vivo. Our work 
demonstrates the potent anti-HCC activities of ivermectin and its multiple targets on 
essential oncogenic pathways. Our findings provide preclinical evidence to initialize 
clinical trial using ivermectin and sorafenib for treating advanced HCC.
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1  |  INTRODUC TION

Hepatocellular carcinoma (HCC) is the third most frequent cause 
of cancer-related deaths worldwide, and its incidence continues 
to grow.1 Standard of care for HCC patients include surgery, tran-
sarterial chemoembolization, radiotherapy and targeted therapy. 

However, most patients are diagnosed at their late stages and hence 
are resistant to chemotherapy and not indicative for surgery.2,3 
Sorafenib, an oral multikinase inhibitor, is routinely used for the 
treatment of advanced HCC.4 However, clinical evidence shows that 
sorafenib only prolongs median survival and time to progression by 
3 months. Patients typically develop sorafenib resistance leading to 
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disease relapse.5 Therapeutic strategies that augment sorafenib effi-
cacy may aid to circumvent resistance. In addition, drug repurposing 
can facilitate rapid clinical translation due to known pharmacological 
and pharmaceutical profilings.

Ivermectin is a FDA-approved anti-parasitic drug and widely 
used to treat infections of onchocerciasis and gastrointestinal 
parasites, with mild and self-limiting adverse effects.6 Recently, 
increasing evidence highlights that ivermectin is a novel anti-
cancer drug.7 Ivermectin demonstrates anti-proliferative and 
pro-apoptotic activities in a variety of tumors, including ovarian 
cancer, renal cell carcinoma, glioblastoma and hematological ma-
lignancies.8-11 Apart from tumor bulk/differentiated cells, ivermec-
tin also inhibits cancer stem-like cells and tumor angiogenesis.12,13 
In addition, ivermectin augments the effects of anti-cancer agents 
and even reverses the drug resistance in cancer cells.14-16 We hy-
pothesized that ivermectin could be used to overcome sorafenib 
resistance in HCC.

In this pre-clinical study, we investigated the potential of iver-
mectin to treat advanced HCC by addressing the following questions: 
(1) Whether ivermectin displays anti-HCC activity? (2) Whether the 
effective dose is clinically relevant and non-toxic? (3) Is the com-
bination of ivermectin and sorafenib synergistic? (4) What are the 
possible underlying mechanisms of ivermectin’s action in HCC?

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture, drug treatment and antibodies

Human HCC cell lines HuH6, Hep3B and SNU-182 (Cell Bank of 
Shanghai Institute of Biological Science) were cultured in Iscove’s 
modified Dulbecco’s medium (IMDM, Life Technologies) supple-
mented with 10% fetal bovine serum (FBS) at 37°C in a humidified 
5% CO2 environment. These cell lines were authenticated using 
human 9-Marker STR DNA profile analysis. The cells were seeded 
in multiple-well plates at 70% density and treated with ivermectin 
(R&D Systems) at 2.5, 5, 10 and 20 μM for 8 to 72 h depending on 
assay types (indicated in figure legends). Equal volume of DMSO 
was used as control. p-mTOR (S2448, #2971), mTOR (#2983), p-
STAT3 (T705, #9131), p-STAT3 (S727, #9134), STAT3 (#9139), 
Mcl-1 (#94296), Bcl-xL (#2762), c-Myc (#9402), E-cadherin (#3195), 
Vimentin (#3932), Snail (#3879), Slug (#9858), Nanog (#3580), Sox-2 
(#2748), Oct-4 (#2750) were purchased from Cell Signaling.

2.2  |  Measurement of proliferation and apoptosis

After drug treatment, proliferation and apoptosis were measured 
using BrdU (Bromodeoxyuridine/5-bromo-2’-deoxyuridine) Cell 
Proliferation Assay Kit (Abcam) and TUNEL (terminal deoxynucle-
otidyl transferase dUTP nick end labeling) Assay Kit (R&D Systems) 
according to their manufacturer’s instructions. The absorbance was 
measured at microplate reader (Thermo Fisher Scientific).

2.3  |  Combination index (CI) calculation

The concentrations of single drug IC50 were first determined using 
proliferation assay. The cells were then treated with increasing 
doses of either ivermectin or sorafenib, or an equipotent constant-
ratio combination of both drugs, followed by proliferation measure-
ment. The CI values were calculated and plotted using CompuSyn.
exe based on dose and effect of single drug alone, and drug combi-
nations to determine if these were synergistic (CI < 0.9), additive (CI 
0.9–1.1) or antagonistic (CI > 1.1).

2.4  |  Soft agar assay for anchorage-independent 
colony formation

1000 cells together with drugs were suspended in noble agar 
(0.35%) in complete growth medium and evenly spread onto 
60 mm plates with a bottom layer of 0.7% noble agar containing 
IMDM medium without FBS. Plates were placed into a humidified 
CO2 incubator at 37°C. Fresh culture medium was added onto agar 
plates twice a week to replenish media. After 2 weeks, colonies 
were fixed with methanol and visualized by staining the plates 
with crystal violet. Representative colony formations were photo-
graphed. The number of colonies was counted and quantified using 
Image J software.

2.5  |  Measurement of migration

Cell migration was determined using CytoSelect Cell Migration 
Assay kit (Cell Biolabs). Cells were pre-starved for 6 h in serum-free 
medium. 2  ×  104 starved cells together with the drug were sus-
pended in serum free medium and plated in the upper chambers of 
8 μm pore size, transwell 24-insert plate. The lower chambers were 
filled with complete growth medium containing 10% FBS. After 8 h 
incubation in a humidified CO2 incubator at 37°C, non-migrated cells 
were scraped with a cotton swab and migrated cells were fixed with 
methanol. Migrated cells were visualized by staining the insert with 
crystal violet. Representative cells migration were photographed 
and quantified using Image J software.

2.6  |  Real-time PCR

RNA was isolated from cells with TRIzol Reagent (Ambion). The 
cDNA from reverse transcription reactions were performed using 
iScript cDNA Synthesis Kit (Bio-rad). Quantitative real-time PCR 
was carried out by adding SsoFast EvaGreen Supermix to the 
cDNA template and amplified on the CFX96 RT PCR system (Bio-
rad). Primers probing specific genes were synthesized by Abace 
biology Inc. Relative gene expression levels were determined 
by calculating the fold change of treated samples compared to 
control.
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2.7  |  Establishment of tumor HCC xenograft and 
in vivo experiments

Animal work was performed in accordance to guidelines approved 
by the Institutional Animal Care and Use Committee of Wuhan 
University. 4–6 weeks old male severe combined immunodeficiency 
(SCID) mice purchased from Shanghai Laboratory Animal Center 
were castrated. After one week, mice were inoculated with 100 μl 
107 tumor cells and housed in a pathogen-free environment. To in-
vestigate the effect of drug on HCC formation, ivermectin was ad-
ministrated on the same day of tumor cell inoculation for 9  days. 
Development of palpable tumor and mice body weight were moni-
tored once every three days. To investigate the effects of drug on 
HCC growth, single drugs and their combinations were administrated 
(see figure legends for specific dose and administration routes) when 
tumor volumes reached an average size of ~150 mm3. Tumors were 
measured every three days and corresponding volume was calcu-
lated using the formula 4π/3 × (width/2)2 × (length/2). Animals were 
monitored for signs of toxicity. At the end of drug treatment, mice 
were sacrificed using CO2 and followed by cervical dislocation.

2.8  |  Statistical analyses

Results were obtained from at least three time-independent experi-
ments and reported as means with standard error. Statistical analy-
ses of the differences between two groups were performed using 
one-way analysis of variance (ANOVA) and unpaired Student’s t test. 
The PRISM statistical software (version 9.0, GraphPad Inc.) was used 
in analyzing all statistical comparisons. A p < 0.05 was considered 
statistically significant in all cases.

3  |  RESULTS

3.1  |  Ivermectin inhibits multiple biological 
activities of HCC cells

To evaluate the efficacy of ivermectin in HCC, we had performed both 
proliferation and apoptosis assays on HCC cells after treatment with 
clinically achievable concentrations of ivermectin.17 Using three HCC 
cell lines covering different cellular origins and genetic backgrounds, 
we showed that ivermectin at low micromolar concentrations starting 
from 1.25 μM dose-dependently inhibited proliferation as assessed 
by measuring BrdU levels (Figure  1A). Ivermectin at 10  μM nearly 
resulted in complete growth inhibition in SNU-182 cells. Ivermectin 
also increased apoptosis in all tested HCC cell lines by up to 2-folds 
(Figure 1B).

To determine whether ivermectin has potential to affect HCC 
migration, we performed transwell assay using serum as chemoat-
tractant. We found that ivermectin at concentrations ranging from 
2.5 to 10 μM decreased HCC migrations by up to 50% (Figure 1C and 
D). To examine subpopulations within a cell line with stem cell-like 

properties, we conducted anchorage-independent colony formation 
assay.18 Ivermectin potently inhibited HCC anchorage-independent 
colony formation (Figure 1E and F), suggesting the inhibitory effect 
of ivermectin in HCC stem cells. Comparing with inhibition of mi-
gration and survival, we noted that ivermectin seemed to be more 
effective in targeting HCC growth and colony formation.

3.2  |  Ivermectin suppresses multiple oncogenic 
pathways in HCC

To determine the underlying mechanisms of ivermectin’s action, we 
examined mTOR/STAT3 pathway in HCC cells exposed to ivermectin 
because (1) ivermectin inhibits mTOR pathway in ovarian cancer16; 
(2) mTOR activates STAT3 in cancer cells; (3) mTOR/STAT3 critically 
regulates cancer cell growth and survival.19 We also examined other 
pathways focusing on essential molecules that have critical roles in 
promoting migration and stemness, respectively. Consistent with the 
recent report,16 we found that ivermectin decreased mTOR phos-
phorylation at Ser2448 (Figure  2A). We further observed the de-
creased STAT3 phosphorylation at both Ser727 and Tyr705. Tyrosine 
phosphorylation at 705 leads to STAT3 nuclear translocation and ac-
tivation of gene transcription.20 Consistently, we observed the de-
creased protein level of Mcl-1, Bcl-xL and c-Myc (Figure 2A), which 
are all STAT3 target genes.

Ivermectin increased E-cadherin and decreased Vimentin as ob-
served in SNU-182 cells (Figure 2B), suggesting that ivermectin in-
hibited epithelial-to-mesenchymal transition (EMT). Transcriptional 
factors Snail and Slug promotes EMT via downregulating E-cadherin 
and upregulating Vimentin.21 Ivermectin decreased Snail and Slug 
levels (Figure 2B), suggesting that ivermectin inhibited EMT through 
regulating Snail and Slug. Homeobox protein nanog (Nanog), 
octamer-binding protein 4 (Oct-4) and SRY-box 2 (Sox-2), stem cell 
markers maintaining stem cell pluripotency and self-renewal capabil-
ity,22 were all decreased in ivermectin-treated HCC cells (Figure 2C).

Real time-PCR analysis indicated that ivermectin dose-
dependently decreased transcriptional levels of MCL-1, BCL-XL and 
C-MYC in HCC cells (Figure 2D). This was consistent with our find-
ings on the inhibition of STAT3 by ivermectin. In addition, ivermec-
tin decreased transcriptional levels of stem cell markers NANOG, 
OCT-4 and SOX-2 (Figure 2D). Taken together, our results demon-
strate that ivermectin suppresses multiple oncogenic pathways in-
volved in cancer cell growth, survival, migration and stemness.

3.3  |  Ivermectin inhibits HCC formation and 
growth in vivo

Given the findings above, we next evaluated the efficacy of iver-
mectin in HCC in vivo using xenograft mouse model. Mice were in-
oculated with SNU-182 cells via subcutaneous injection to one flank 
site. We analyzed the effects of ivermectin on HCC formation as 
well as progression. We also weighed the mice and monitored for 
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signs of possible toxicity throughout the whole duration of drug 
treatment. Compared with vehicle control, there were no significant 
differences on mice body weight in drug-treated group up to 9 days 
treatment of 10 mg/kg ivermectin (Figure 3A). Approximate 20%, 
60% and 90% mice in control group whereas 0%, ~15% and ~20% 
in ivermectin-treated group developed palpable tumor at 3, 6 and 
9 days post-inoculation (Figure 3B), demonstrating that ivermectin 
significantly suppresses HCC tumor formation.

To evaluate the effect of ivermectin in HCC growth, we only ini-
tialized ivermectin treatment after tumor formation. When tumor 
reached ~150 mm3, mice were randomly divided into three groups 
receiving vehicle, oral ivermectin at two different doses. For up to 
24 days of drug treatment, there were no significant differences in 
body weight and other features (e.g., skin, fur and motion) between 
control and mice group receiving 10 mg/kg ivermectin (Figure 3C). 
We found that both 5 and 10  mg/kg of ivermectin significantly 
decreased tumor size, and this reduction was dose-dependent 
(Figure  3D). These indicate that ivermectin at non-toxic doses ef-
fectively inhibits HCC tumor growth in mice in a dose-dependent 
manner.

3.4  |  The combination of ivermectin and sorafenib 
is synergistic in vitro and in vivo

Combination therapy is often used in cancer patients to improve the 
probability of therapeutic responses and decrease the likelihood of 
acquired resistance.23 To investigate the translational potential of 
ivermectin in HCC, it is therefore important to determine the com-
binatory effects of ivermectin with standard of care drug for ad-
vanced HCC, such as sorafenib.5 Combination index (CI) provides a 
quantitative measure of the extent of drug interaction via estimat-
ing dose-effect data from single and combined drug treatments.24 
We performed combination studies using ivermectin and sorafenib, 
and calculated CI using proliferation assay. Our fraction-CI analysis 
indicated that CI value were less than 1 between ivermectin and 
sorafenib in all tested HCC cell lines (Figure 4), demonstrating that 
ivermectin and sorafenib combination is synergistic in HCC cells. 
We further confirmed synergism of the combination in vivo using 
HCC xenograft mouse model. The combination of ivermectin and 
sorafenib was significantly more effective to decrease HCC tumor 

F I G U R E  1 Ivermectin targets multiple aspects of hepatocellular carcinoma (HCC) biological activities. Ivermectin dose-dependently 
decreases proliferation (A) and induces apoptosis (B) in HuH6, HepB3 and SNU-182 cells. Proliferation and apoptosis were determined after 
72 h drug treatment. (C) Representative images showing SNU-182 cell migration in the absence (control) and presence of ivermectin (20 μM). 
(D) Ivermectin dose-dependently inhibits HCC cell migration. (E) Representative images showing SNU-182 cell anchorage-independent colony 
formation in agar plates in the absence (control) and presence of ivermectin (20 μM). (F) Ivermectin decreases HCC cell colony formation
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size than sorafenib or ivermectin alone, without causing toxicity as 
shown by mice body weight (Figure 5). It is notable that the com-
bination not only suppressed but also reversed HCC tumor growth 
with the gradually increased duration of treatment: the tumor size 
was even smaller at the end of treatment compared to the tumor 
size before treatment. Altogether, our results clearly demonstrate 
that ivermectin and sorafenib combination is synergistic in target-
ing HCC.

4  |  DISCUSSION

Drug repurposing, or the use of currently approved drugs for new 
indications, is a plausible alternative strategy to uncover anti-cancer 
drugs.25,26 To identify approved drugs with anti-HCC activity, we 
screened a library of antimicrobials and antihelminthics on multiple 
HCC cell lines using CellTiter-Glo viability assay. Here, we report 
that ivermectin, an anthelminthic drug, is an attractive candidate 
for HCC treatment. Our findings demonstrate that ivermectin inhib-
its growth, survival, migration and anchorage-independent colony 

formation of HCC cells. It acts synergistically with sorafenib in vitro 
and in vivo, via suppressing multiple essential oncogenic pathways. 
Importantly, the effective doses of ivermectin in HCC is clinically 
achievable without causing toxicity in mice.

Consistent with many studies on the inhibitory effects of iver-
mectin on cancer,8-11 we show that ivermectin is effective against 
HCC. Using multiple HCC cell lines that represent different tumor 
cellular origins and genetic profiles, we showed that ivermectin in-
hibited growth and induced apoptosis for all tested HCC cell lines 
(Figure 1A and B). Mandy et al. have tested the effects of ivermec-
tin on 28 cancer cell lines covering many types of cancer and found 
that IC50 of the most sensitive lines to ivermectin was ~5 μM.17 The 
IC50 (based on proliferation assay) of ivermectin in HCC is at ~2.5 
to 5 μM, suggesting that HCC is more sensitive to ivermectin com-
pared to other cancers. Pharmacokinetic data in humans has shown 
that 5.2  μM of ivermectin is detected in healthy subjects with a 
dose of 2 mg/kg,27 suggesting that the effective dose of ivermec-
tin in HCC is clinically reachable. The majority of previous studies 
showing the in vitro antitumor effects of ivermectin was focused 
on growth and survival. The anti-migratory effect of ivermectin in 

F I G U R E  2 Ivermectin inhibits multiple oncogenic signaling in hepatocellular carcinoma cells. Western blot analysis of molecules involved 
in mTOR/STAT3 signalling (A), EMT (B) and stemness (C) in SNU-182 cells. (D) Ivermectin decreases mRNA levels of STAT3-targted genes 
(MCL-1, BCL-XL and C-MYC) and stem cell marker genes (OCT-4, SOX-2 and NANOG) in SNU-182 cells. Western blot and real-time PCR 
were performed after 24 h drug treatment
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HCC shown in our study (Figure 1C and D) suggests the ability of 
ivermectin to inhibit HCC metastasis, which is important because 
secondary tumor is one of the causes leading to treatment failure 
in advanced HCC.

Hepatocellular carcinoma is characterized by a subset of 
cells with stem cell-like features which remains challenging to 
be therapeutically targeted.28 Our work also demonstrated that 
ivermectin targeted stem-like cells in HCC and this cell subset 
was more sensitive to ivermectin than bulk HCC cells as shown 
by anchorage-independent cell growth assay (Figure  1E and F). 
This finding is supported by various reports demonstrating that 
ivermectin is an inhibitor of cancer stem-like cells and restricts 
cancer stem cell formation,13,29 which is also consistent with our 
in vivo finding that ivermectin inhibited HCC tumor formation 
(Figure 3B).

Using xenograft mouse model, we further demonstrated that 
ivermectin significantly inhibited HCC growth (Figure 3C and D). 
The doses of ivermectin used in our animal model were equivalent 
to 0.7–1.4 mg/kg in humans, which was a dose below the highest 
dose safely used in human.27 Continuous high-dose ivermectin ap-
pears to be safe in patients.30 This is consistent with our findings 
that we did not observe any signs of toxicity in ivermectin-treated 
mice (Figures 3A, C and 5A). Ivermectin has been shown to aug-
ment efficacy of anti-cancer agents, such as docetaxel, cyclophos-
phamide and tamoxifen.17 Our combination index of ivermectin 
and sorafenib was all less than 1, clearly indicating that the com-
bination is synergistic (Figure 4). The synergy between ivermec-
tin and sorafenib, which was further shown in vivo (Figure 5B), is 
critical to support clinical trial testing of sorafenib and ivermectin 
combination in HCC.

Our mechanism studies demonstrated that ivermectin inhib-
ited mTOR/STAT3 pathway in HCC as shown by the decreased 
p-mTOR, p-STAT3 and expression of STAT3-mediated genes 
(Figure 2A and D). Kim et al. and Liu et al. identified STAT3 and 
mTOR as targets of ivermectin, respectively.10,29 Our work sug-
gests that STAT3 inhibition is the downstream consequence of 
mTOR inhibition by ivermectin. Nanog, Sox2 and Oct4 are three 
basic transcription factors that are expressed in both embryonic 
stem cells and cancer stem cell-like cells to maintain the plurip-
otency and self-renewal characteristics.22 Our findings on the 
decreased mRNA and protein levels of stem cell markers Nanog/
Sox2/Oct4 (Figure  2C and D) support the inhibitory effects of 
ivermectin on cancer stem cells.13,29 mTOR/STAT3 pathway plays 
an important role in breast cancer stem-like cells viability and 
maintenance,31 suggesting that mTOR/STAT3 inhibition might 
also be attributed to the action of ivermectin in HCC stem cells. 
In addition, ivermectin decreased EMT as shown by the increased 
E-cadherin and decreased vimentin, snail and slug (Figure  2B), 
which correlated well with decreased migration observed in 
ivermectin-treated HCC cells. Various mechanisms of ivermec-
tin’s anti-cancer activities have been reported, including inhibi-
tion of PAK1, NS3 DDX23 helicase, Akt/mTOR pathway, WNT/
TCF pathway, and P2X7/P2X7 receptors.7 Our work adds mTOR/
STAT3 pathway, EMT and Nanog/Sox2/Oct4 to the list of iver-
mectin’s targets.

In conclusion, we report for the first time that ivermectin is ef-
fective against HCC in vitro and in vivo, via targeting multiple onco-
genic pathways. The synergy conferred in ivermectin and sorafenib 
combination makes ivermectin an attractive addition to the arma-
mentarium in the treatment of advanced HCC.

F I G U R E  3 Efficacy of ivermectin on SNU-182 xenograft. Mice body weight on Day 0 and Day 9 (A) and tumor formation rate on Day 0, 
Day 3, Day 6 and Day 9 (B) in group (n = 10) receiving vehicle (0.5% methylcellulose) and group (n = 12) receiving ivermectin. SNU-182 cells 
were inoculated into the flanks of mice and treated with either oral ivermectin at 10 mg/kg once daily or vehicle. Mice body weight (C) and 
tumor size (D) in group (n = 10) receiving vehicle and group (n = 10) receiving ivermectin. When tumor reached ~150 mm3, mice were treated 
with vehicle, oral ivermectin at 5 or 10 mg/kg. *p < 0.05, compared to vehicle
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